We report the analytical and experimental results of a silicon photonic polarization beam splitter (PBS) consisting of two-stage Mach-Zehnder delay interferometers (MZDIs). The delay length of each MZDI was designed to achieve constructive and destructive interferences for the TE and TM modes simultaneously. First, we have fabricated and estimated a single-stage MZDI-type PBS. Owing to the difference of the in-phase or out-ofphase conditions between TE and TM modes in case of the designed delay length of the MZDI, the center wavelengths of the transmissivity for both the constructive and destructive interference are different for the TE and TM modes. Thus, the polarization extinction ratio (PER) was as small as 5 dB within the C-band. To improve the PER, a two-stage MZDI structure was introduced. In addition, the length of the multimode interferometer type optical splitter was determined to have an optimal splitting ratio of 50:50 for the TM mode for the shortest wavelength within the operating wavelength range. The center wavelength of the MZDIs was shifted to achieve the widest possible bandwidth with a large PER. We have fabricated the silicon photonic PBS to achieve a PER larger than 15 dB. The measurements showed good agreement with the simulations.
Introduction
Network applications developed to include video streaming from/to smartphones, and the internet of things (IoT) from devices connected via cloud computing are rapidly driving the growth of communication traffic. The traffic in the data centers has been increasing at a growth rate of 27% per year since 2015, and is expected to continue to do so until 2020 [1] . In addition, huge-capacity photonic networks are urgently required to realize the Super High Vision (SHV) communication infrastructure. Expectations of low-power optical network technologies capable of providing spectrally efficient and flexible network resources are also increasing. Thus, digital coherent receivers and multi-degree colorless, directionless, and contentionless reconfigurable optical add/drop multiplexer (CDC-ROADM) [2] - [4] are expected to be the key technologies to achieve such networks. In order to put them into practical use, much attention has been paid to Si photonics technology [5] , [6] in the recent years, due to its potential for high density integration and low cost. In Si photonics technology, the use of silicon, which has a high refractive index as an optical waveguide material, is able to achieve a large optical confinement. Therefore, it permits small waveguide bends, enabling the reduction of the optical circuit area to 1/100 compared with optical integrated circuits using conventional silica-based waveguides. However, Si waveguides generally possess a large polarization dependence. Hence, polarization diversity schemes should be introduced to achieve polarization-insensitive operation. Therefore, a polarization beam splitter (PBS), which splits TE and TM modes, is one of the most significant components in practical use.
In recent years, several kinds of PBSs have been investigated and demonstrated in photonic integrated circuits (PICs). These include several types of PBSs fabricated on silicon on insulator(SOI) platforms, such as single multi-mode-interferometers (MMIs) [7] , [8] , cascaded MMI [9] , a MMI with subwavelength gratings [10] , directional couplers (DCs) with asymmetric waveguides [11] - [14] , and bending couplers [15] - [18] . Owing to the silicon photonics features, small-sized devices with a wide bandwidth covering the whole C-band have been realized. In addition, a plasmonic-assisted bending coupler [17] showed a smaller footprint of 8.1 μm × 2.6 μm. However, most of the demonstrated devices require precise design in size. Furthermore, their polarization extinction ratio (PER), which is defined as the output power ratio of the two polarization modes, is as low as 20 dB. To overcome this technical issue, a Mach-Zehnder interferometer (MZI)-type PBS has been investigated on SOI [19] , [20] and on silica platform [21] - [23] . Larger than 20 dB PER values across the whole C-band were demonstrated [21] - [23] , although the coupling length of the DC reaching several tens of μm, or a complicated tapered waveguide structure was needed. Thus, the reduction of the device size, maintaining a simple structure, remains a technical issue.
In this paper, we propose a 2-stage cascaded silicon photonic PBS based on Mach-Zehnder delay interferometers (MZDIs) to solve these problems. Large birefringent silicon waveguide could be expected to realize a small footprint PBS. Moreover, cascaded MZDIs could help to achieve large PER. Broadband, as well as large isolation will be presented.
The paper is organized as follows. The operating principles and experimental investigations of a single-stage MZDI-type PBS are explained in Section 2. Next, device design and experimental results of a two-stage MZDI-type PBS are discussed in Section 3, focusing on the improvement of the device performance compared with a single-stage PBS. Finally, the paper is summarized in Section 4. Fig. 1 shows a PBS based on a MZDI formed by connecting two MMIs with two-arm waveguides. By utilizing the birefringence between the TE/TM modes in a MZDI, the phase condition of the interferometer are designed to split each polarization mode into an in-phase and out-of-phase component. This concept is almost the same as the design introduced in silica symmetric MZI waveguide-type PBSs [23] . The PBS can separate the two modes according to the following formula:
Principle of Operation

Single-Stage MZDI Structure
where n TE and n TM represent the group indices of the TE and TM mode, respectively, and N is an odd number. The transmission coefficient of the device is calculated by using the following transfer matrix:
where A upper , B lower , A in , t, n, λ, and L represent the output electric field from the upper and lower ports, input electric field in the upper port, transmission coefficient of the electric field, group index of the waveguide, wavelength of the signal, and delay line length expressed by (1), respectively. As for the numerical values of t, the polarization and wavelength dependence were taken into consideration. The simulated power transmissivity is shown in Fig. 2 . For the simulations, n TE = 4.178, n TM = 3.468, N = 3, L = 3.14 μm were used, assuming a waveguide width and thickness of 0.45 μm and 0.21 μm, respectively, embedded between SiO 2 cladding layers. A TiN heater was installed on the SiO 2 upper cladding layer with a length of 100 μm to adjust the phase of the MZDI. From these results, the separation of the TE and TM modes was confirmed. Under these parameters, the center wavelength of the transmissivity for TE mode is not the same as that for TM mode, although the phase difference condition between TE and TM modes given by (1) is satisfied. Therefore, the device exhibited a PER of larger than 20 dB only over a small bandwidth of 1 nm within C-band, at both output ports. Therefore, its isolation and bandwidth need to be further improved.
Experimental Results
A single-stage MZDI-type PBS was fabricated using IME, Inc., shuttle services. The cross-sectional view of the device is shown in Fig. 3 . The width and thickness of the silicon waveguide were 0.50 μm and 0.21 μm, respectively. The silicon waveguide was sandwiched between 2.0 μm-thick SiO 2 upper and lower cladding layers. The shape of the MMI splitters were rectangle, and no taper waveguides were connected at both input and output ports. Thus, excess loss of a few dB was estimated at each MMI. The width and length of the 2 × 2 MMI splitter were 2.0 μm and 16.0 μm, respectively. Hence, a splitting ratio of bar: cross = 50:50 was achieved. Spot-size converters were installed in both input and output ports, leading to a total coupling loss of the input and output sides being about 5 dB. The experimental setup for measuring the transmission spectra is shown in Fig. 4 . Light emitted from a white light source with a spectral bandwidth of 1535-1565 nm was introduced into a polarizer. Using a polarization controller, the polarization state of the light was aligned to be TE or TM. Then, it was injected into a device via a lensed fiber. There are two input ports on the device. We selected one of them to achieve a better PER, which is dependent on the power splitting ratio of the inputand output-side MMIs. The output signal was collected by another lensed fiber, and the output power was measured by an optical power meter. The transmission spectrum was measured by an optical spectrum analyzer.
The obtained spectrum is shown in Fig. 5 . The coupling loss on both facets is included in this results, and total insertion loss was about 20 dB. The PER of both the upper and lower output ports were as large as 5 dB, across the whole C-band. The difference between the measured and analytical results indicated in Figs. 2 and 5 is considered to be caused by the deviation from the ideal center wavelengths of the transmission bandwidths for both the TE and TM modes. The delay length of the MZDI is designed to obtain odd-number times π between TE and TM modes, but this condition is slightly different from the constructive or destructive conditions for each mode. Therefore, the center wavelengths of the transmissivity for constructive interference are different between both modes. As can be seen from these results, we could understand that an enhanced PER is needed because transmission bandwidth of the MZDI was limited to the FSR decided by L in (1) and this results in insufficient PER, although the measured values agreed quantitatively with the calculated ones.
Two-Stage MZDI-Type PBS
Structure
To solve the encountered problems, we propose a two-stage cascaded structure, as shown in Fig. 6 [24] . Since the transmissivity of a cascaded PBS is the product of the transfer function of two PBSs, a larger PER is expected over a wider spectral band. The width of the silicon waveguide of the two-stage MZDI-type PBS was changed to 0.45 μm because the first-order mode was present in the device with the 0.50 μm-wide waveguide and single-mode operation is desired. The bending radius was 10 μm. There were four output ports in total, but we used only the uppermost port for the TE, and the lowermost port for the TM output.
Design of the 2 × 2 MMI Splitter
The tolerance of the PER is significant for the design when the power branching ratio of the MMI deviates from the ideal value. Simulation of the transmissivity with various power splitting ratios of the MMI was examined. The results are shown in Fig. 7 . It can be seen that the PER of the TE mode is not significantly affected. Only the PER of the TM mode is deteriorated as the splitting ratio deviates from bar:cross = 50:50. In case of the TM mode observed from the upper port, transmission of cascaded bar-state is interfered with that of cascaded cross-state destructively, and the imbalance splitting ratio is accumulated. In case of TE mode observed from the lower port, on the other hand, transmission through bar-state and cross-state is interfered with that through cross-state and bar-state destructively, then the imbalance splitting ratio are cancelled. The PER of the TM mode decreases significantly, i.e., below 20 dB for MMI branching ratios of bar:cross = 30:70 and 40:60. The power splitting ratio of an MMI is affected by the MMI length and signal wavelength. In brief, it is necessary to determine the optimal length of the MMI for which its power splitting ratio is bar:cross = 50:50 for the TM polarization. From Fig. 7(c) , the extinction ratio of the TM mode at a wavelength of 1535 nm is the worst in the C-band. Thus, the MMI length resulting in a power splitting ratio of bar:cross = 50:50 is determined for the 1535 nm wavelength. Fig. 8 shows the simulation results of the splitting ratio for a MMI splitter for the TE and TM modes as a function of the MMI length. From these results, the optimal MMI length is determined as 14.85 μm, for which the power splitting ratio of the MMI is bar:cross = 50:50 for the TM mode at a 1535 nm wavelength. Simulation results of the transmissivity of the two-stage MZDI-type PBS are shown in Fig. 9(a) . The PER is still below 20 dB for the TM mode. Therefore, the center wavelengths of the transmission bandwidth for both the TE and TM modes were shifted towards a shorter wavelength by controlling the phase of the MZDIs. After that, a 20 dB extinction ratio for both the TE and TM modes over a bandwidth of about 30 nm in the entire C-band was achieved, as indicated in Fig. 9(b) . 
Device Structure and Characterization
The device was fabricated by using IME, Inc., shuttle services as in the case of the single-stage MZDI-type PBS. Its transmission spectrum was measured using the same experimental setup, shown in Fig. 4 . Similarly as before, only one of the two input ports was selected to achieve a better PER. The layout of the fabricated device is shown in Fig. 10 . To control the phase of each MZDI, TiN heaters were integrated above the silicon waveguides. The phase could be adjusted using the thermo-optic effect by injecting a current into the heaters. For this device, spot-size converters were installed for both input and output ports. The actual device size without the spot-size converters and straight access waveguides was 340 μm × 60 μm. The dominant part was the length of the heaters used for phase control. Thus, the device size could be further reduced.
Experimental Results
The measured transmission spectra for the TE and TM modes are shown in Fig. 11(a) . The coupling loss on both facets is included in this results. Power separation was obtained between TE and TM modes for both the upper and lower ports. However, the PER was not as good as expected. To clarify the reason for the insufficient PER, we simulated the transmissivity by fitting the phases for three MZDIs. With the phase values of MZDI (1), (2) , and (3) (indicated in Fig. 6 ) set to 5π/4, 25π/24, and 0π, respectively, the simulated results agree well with the experimental ones, as shown in Fig. 11(b) . Then, we changed the phase conditions to find the optimal PER.
The measured transmissivity after controlling the phase conditions in each MZDI with bias voltages of 1.30 V, 3.91 V, and 2.20 V for the MZDI heaters of (1), (2) , and (3), respectively, is shown in Fig. 12(a) . The resistance of each heater is about 150 , and then the total consumption power was 145 mW. To reduce it, control of the phase of each MZDI would be significant. The simulation results with phases of 23π/24, 3π/2, and 11π/6 for MZDI (1), (2) , and (3), respectively, are also shown in Fig. 12(b) . The experimental results show a good agreement with the simulations. Furthermore, a PER of 15 dB was achieved within the whole C-band. Total insertion loss was around 15 dB for both TE and TM modes.
Conclusion
In conclusion, we have proposed a two-stage cascaded PBS based on Mach-Zehnder delay interferometers. Firstly, we have shown the insufficient PER and bandwidth of a single-stage MZDI-type PBS, with only a 1 nm bandwidth possessing a higher than 20 dB PER according to simulations and a 5 dB PER across the C-band according to the experiments with a silicon photonic device. Then, an improvement of the bandwidth was demonstrated by the proposed two-stage PBS, achieving a bandwidth of 30 nm possessing a higher than 20 dB PER. The high performance was obtained by a splitting ratio of the TM mode set to 50:50 at 1535 nm. Next, the silicon photonic device was experimentally investigated, and we showed that a lower than expected PER is obtained when the phase conditions in MZDIs are not controlled. By phase control, a PER of more than 15 dB across the whole C-band was achieved. From these results, we confirm that the proposed two-stage MZDI-type PBS can operate with a high PER and wide bandwidth, equipped with adjustable phase control by heaters integrated on the chip.
